The aim of the present study is to detect the monodehydroascorbic acid (MDA) radical in broad bean (Vicia faba L.) leaves which were treated by vacuum-infiltration in Na 2 SO 3 solution and subsequent centrifugation (sulfitetreated leaves). When sulfite-treated leaves were illuminated with white light, the electron spin resonance (ESR) signal of MDA radical was observed. The level of the MDA radical depended on the concentration of sulfite that was used for vacuum-infiltration and on the light intensity of illumination. The formation of the MDA radical in sulfitetreated leaves was inhibited by DCMU or by replacement of air with N 2 . Glycolaldehyde also inhibited the formation of MDA radical in sulfite-treated leaves. Catalase activity was decreased by the sulfite treatment without affecting significantly the activities of ascorbate peroxidase (AA-POX) and of peroxidase which preferentially oxidizes phenolics (PhOH-POX). From these results, we conclude that the formation of the MDA radical in sulfite-treated leaves is catalyzed by peroxidases using the H 2 O 2 which is generated by photorespiration and the Mehler reaction.
The toxic effect of SO 2 on plant metabolism is usually recognized as an oxidative stress (Tanaka and Sugahara 1980 , Peiser et al. 1982 , Agrawal et al. 1987 , Shaaltiel et al. 1988 ). Depression of photosynthesis in SO 2 -fumigated spinach leaves has been shown to be accompanied by an accumulation of H 2 O 2 (Tanaka et al. 1982a, b) . Three enzymes of the Calvin-Benson cycle, which are regulated by the ferredoxin/thioredoxin system, NADP-glyceraldehyde-3-phosphate dehydrogenase, ribulose-5-phosphate kinase and fructose-l,6-bisphosphate phosphatase, are inactivated by SO 2 . Tanaka et al. (1982b) have concluded that this inhibition of the enzymes is caused by H 2 O 2 which accumulated in leaves during SO 2 fumigation. They proposed that the accumulation of H 2 O 2 Abbreviations: AA, ascorbate; AA-POX, ascorbate peroxidase; AT, 3-amino-l,2,4-triazole; ESR, electron spin resonance; MDA, monodehydroascorbic acid; MV, methyl viologen; PhOH-POX, peroxidase that preferentially oxidizes phenolics. 1 On leave from the Center for Multidisciplinary Studies, University of Belgrade, Yugoslavia.
is due to the stimulation of electron flows to O 2 in chloroplasts and due to inhibition of AA-POX, glutathione reductase and catalase by SO 2 .
It has been shown that the accumulation of MDA radical in leaves on illumination is a good indicator of oxidative stress (Westphal et al. 1992 , Stegmann et al. 1993 , Heber et al. 1996 , Hideg et al. 1997 . One of the possibilities for the accumulation of the MDA radical in leaves on illumination is the increased production of the radical. In chloroplasts, ascorbate (AA) is univalently oxidized to MDA radical by AA-POX (Asada 1992 , Miyake and Asada 1992 , Foyer 1993 . The MDA radical is reduced by ferredoxin and by NAD(P)H-dependent MDA reductase to AA (Hossain et al. 1984, Miyake and Asada 1992) . On the other hand, there are also possibilities of generation of the MDA radical by AA-POX that is bound to the outer surface of peroxisomes (Yamaguchi et al. 1995 , Ishikawa et al. 1998 and by cytosolic soluble AA-POX if H 2 O 2 generated in peroxisomes diffuses into the cytosol. In addition, H 2 O 2 may also be reduced by the vacuolar AA/phenolics/POX system (Takahama 1992 ).
If cellular levels of H 2 O 2 are increased by SO 2 as reported by Tanaka et al. (1982a) , AA may be oxidized by peroxidases generating the MDA radical. We have studied light-induced increases in the levels of the MDA radical in intact leaves of broad bean, which were contained sulfite. Based on the results, we discuss the mechanism of sulfite-dependent formation of MDA radical in leaves.
Materials and Methods
Plant materials-Plants of broad bean (Viciafaba L. cv. con Amore) were grown in vermiculite in a growth chamber at a day (25°C)/night (20°C) cycle of 12/12 h. White light was obtained from day-light-type fluorescent lamps (FL40SD, Nippon Denki Home Electronics Co., Tokyo). The maximum intensity measured with a radiometer (65A, Yellow Spring Instrument Co., Inc., OH, U.S.A.) was about 60 W m~2. Fully developed leaves from threeweek-old plants were used for experiments.
Treatment of leaves with sulfite or various inhibitors-Leaves of broad bean were detached from the plant and immediately infiltrated by vacuum-infiltration with aqueous solutions of Na 2 SO3 (pK values about 1.8 and 7), methyl viologen (MV), 3-amino-1,2,4-triazole (AT), DCMU or glycolaldehyde. For controls, water was infiltrated. Infiltrated leaves were incubated at 4°C for 5 min, and then centrifuged at about 200 x g for 2 min. During the incubation, sulfite and other reagents diffused into cytoplasm (Furihata et al. 1997) . Treated-leaves were kept in the dark on ice until used for the experiments.
Measurements of the MDA radical-Levels of the MDA radical in leaves were estimated with an ESR spectrometer (JES-FE1XG, JOEL, Tokyo) at 15-18°C using a quartz open cell. A segment (5 mm in width and 15 mm in length) from the central part of a leaf was pasted on the cell using ESR inactive silicon paste. A lid was used to cover the segment. ESR spectra under anaerobic conditions were measured as following. A leaf segment pasted on the open cell was placed in a sealed AtomosBag (luchi Co., Osaka). After removing air with a vacuum pump, the bag was filled with argon. This procedure was repeated three times, then the cell was covered with a lid under argon atmosphere. The covered cell was set in the cavity of ESR spectrometer through which nitrogen gas was flowing. The sample was kept for 5 min in the cavity and the spectra were measured. When required, a halogen lamp (650 W) from a projector illuminated the sample in the ESR cavity through a heat cut-off filter (HA-50, Hoya Glass Co., Tokyo) and a layer of water (5 cm). Light intensities were varied by neutral density filters (Hoya Glass Co., Tokyo). ESR spectra were measured under the following conditions: microwave power, 4 mW; line width, 0.1 mT; amplification, 2,000-fold. Scanning speed was 0.625 mT min" 1 .
Assays of enzymatic activities-Sulfite-treated leaves (0.04 g FW) were homogenized in 0.8 ml of a mixture of 10 mM AA and 0.1 M sodium phosphate (pH 7.2) using pestle and mortar at 0°C. The homogenates were centrifuged at 2,500 x g for 5 min and the supernatants were used to determine activities of catalase and PhOH-POX. Activities of AA-POX were determined after removing phenolics from the supernatants by adding 0.05 g insoluble polyvinylpyrrolidone to 1 ml of the supernatant. The reaction mixture (1 ml) for measurements of catalase activity contained 20 mM H 2 O 2 and 0.02 ml of the supernatants in 0.1 M sodium phosphate (pH 7.2) and the activity was determined from absorption decrease at 240 nm (£=0.04 mM" 1 cm" 1 ). Practically no absorbance decrease was observed before the addition of the supernatants. PhOH-POX activity was measured in the reaction mixture (1 ml) that contained 0.1 mM AA, 0.1 mM 4-coumaric acid, 1 mM H 2 O 2 and 0.02 ml of the supernatants in 0.1 M sodium phosphate (pH 6.2). The activity was determined from the difference in rates of oxidation of AA before and after the addition of 4-coumaric acid. The oxidation of AA was measured at 265 nm (e = • 15.5 mM" 1 cm"'). This measurement was based on the assumption that 4-coumaric acid radicals generated by PhOH-POX were reduced by AA (Takahama and Oniki 1992) . Broad bean leaves contain 4-coumaric acid esters that are oxidized by POX of broad bean leaves (unpublished result). Activities of AA-POX were measured in a reaction mixture (1 ml) which contained 1 mM AA and 0.02 ml of the supernatants in 0.1 M sodium phosphate (pH 7.2). Activities were determined from absorbance decrease at 290 nm (e=2.8 mM"
1 cm" 1 ).
Reagents-Glycolaldehyde was obtained from Sigma Chem. Co. (St. Louis, MO, U.S.A.). MV and AT were from Wako Pure Chem. Co., Ltd. (Osaka). Figure 1 shows typical ESR spectra due to MDA radical (Takahama and Oniki 1992 ) from broad bean leaves. In a control leaf (vacuum-infiltrated in water and centrifuged), ESR signals were neither detected in the dark (trace 1) nor in the light (trace 2). However, in leaves treated with 10 mM sulfite, a 0.5 mT Fig. 1 ESR spectra of control and sulfite-treated leaves. Trace 1, control leaf (vacuum-infiltrated in water and centrifuged) in the dark; trace 2, control leaf in the light; trace 3, sulfite-treated leaves in the dark; trace 4, sulfite-treated leaf in the light. After measurements of ESR spectra in the dark, a leaf segment in an ESR cell was illuminated by white light (1,000 W m"
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2 ) for 40 s, then the spectrum was measured in the light. Scanning speed was 0.625 mTmin"
1 .
ESR signal of MDA radical was obtained in the light (trace 4). The signal disappeared within 5 s after turning off light. Only small ESR signal was detected in the dark in sulfitetreated leaves (trace 3). The light-induced formation of MDA radical in the sulfite-treated leaves was observed only in air, not under nitrogen (Table 1 ). In illuminated leaves that were treated with 0.1 mM DCMU and 8 mM sulfite by vacuum-infiltration and centrifugation, the level of MDA radical was about 20% of leaves that were treated with 8 mM sulfite without DCMU. After infiltration of a leaf with 10 mM glycolaldehyde (inhibitor of ribulose bisphosphate carboxylase/oxygenase), formation of the MDA radical was also observed in the light. Its initial level was about 50% of that in leaves treated with 10 mM sulfite during the first min of illumination. After 1 min in the light, the MDA radical decreased to less than 30% of the initial level. This lower level was kept for at least about 10 min. Sulfite (10 mM) did not affect the level of MDA radical in leaves that were treated with 10 mM glycolaldehyde. Figure 2 shows time courses of the level of MDA radical in leaves, which were treated at various concentrations of sulfite. Radical level was determined from differences in peak heights as shown in a and b of trace 4 in Fig. 1 to eliminate influences of the "light-induced broad background signal" (Hideg et al. 1997) or of the so-called "photosignal" (Westphal et al. 1992) . Level of the MDA radical rapidly increased on illumination in sulfite-treated leaves. After attaining to a maximal level, they decreased slowly. The level of MDA radical increased also as the concentration of sulfite was increased up to about 12 mM. Above 12 mM, not only the initial increase but also the maximal level of MDA radical decreased gradually (data not shown). Figure 3 shows irradiance-dependent changes in the level of MDA radical in 10 mM sulfite-treated leaves, which was measured around 1 min after the start of illumination. The level of MDA radical increased biphasically; the first phase attained to the maximal level at about 500 W m~2 and the half-maximal level was observed at an irradiance of less than 100 W m~2. The second phase started from about 500 W m~2 and increased nearly linearly in the irradiance range used in this study. Only low levels of the MDA radical were formed in control leaves when irradiance was over 1,000 W m~" 2 and the levels were less than 10% of those in sulfite-treated leaves.
MDA radical in MV-and A T-treated leaves-
To understand the mechanism of the formation of MDA radical in sulfite-treated leaves, we studied effects of MV (electron acceptor of PSI) and AT (catalase inhibitor) on the level of MDA radical. Figure 4 shows typical time courses of changes in levels of MDA radical in MV-and AT-treated leaves. Low levels of MDA radical were detected in the dark in MV-treated leaves. Illumination of MV-treated leaves resulted in the rapid formation of MDA radical. Its level decreased gradually in the light. In contrast, the level of MDA radical increased gradually during illumination in AT-treated leaves.
The irradiance-response curve in MV-treated leaves showed a maximum around 500 W m 2 when the level of MDA radical was plotted 1 min after the start of illumination (Fig. 5) . Heber et al. (1996) have reported a similar irradiance-response curve for MDA radical formation in MV-treated spinach leaves. The irradiance-response curve of the MDA radical formation was different in AT-treated leaves. There was a gradual increase in the level of MDA radical with the increase in light intensity when the level was measured 10 min after the start of illumination (Fig. 5) . The shapes of curves determined at different times after the start of illumination were similar to this one. The irradiance-response curve of sulfite-treated leaves appeared to have combined features of the curves shown by MV-and AT-treated leaves. This suggests that not only electron transfer reactions to O 2 producing H 2 O 2 but also H 2 O 2 production in peroxisomes plays a role in the light dependent formation of the MDA radical in sulfite-treated leaves. Therefore, we measured the activities of enzymes that participate in the metabolism of H 2 O 2 , catalase and peroxidases in sulfite-treated leaves.
Measurements of catalase activity-The activity of catalase was nearly completely inhibited when leaves were treated with 5 mM sulfite (Fig. 6) . The half-maximal inhibition was observed below 0.5 mM sulfite. No effect of light on the inhibition was observed. Effects of sulfite on the activities of AA-POX and PhOH-POX were not significant (Fig. 6 ).
Discussion
Increased concentrations of the MDA radical have been observed in herbicide-treated (Westphal et al. 1992 , Heber et al. 1996 and in UV-B irradiated (Hideg et al. 1997) leaves. We observed light-induced formation of the MDA radical in sulfite-treated but not in untreated broad bean leaves (Fig. 1) . This observation indicates that the rate of oxidation of AA to the MDA radical is balanced by the rate of reduction of MDA radical in untreated leaves. In sulfite-treated leaves, the rate of oxidation of AA is faster than that of the reduction of the MDA radical.
DCMU suppressed the MDA radical formation in sulfite-treated leaves (Table 1 ). Replacing air with N 2 gas also resulted in the inhibition of the radical formation in sulfite-treated leaves. No formation of MDA radical was observed when sulfite-treated leaves were illuminated by far red light (> 720 nm) (data not shown). These results suggest that generation of active oxygen species through photosynthetic electron transfer reactions lead to the formation of MDA radical in sulfite-treated leaves. Rapid increase in levels of MDA radical in sulfite-and MV-treated leaves on illumination (Fig. 2, 4) and similarity of the irradiance-response curves between sulfite-and MV-treated leaves at low light intensities (Fig. 3, 5) suggest that electron transfer reactions to O 2 participate in the formation of MDA radical in sulfite-treated leaves. Light-induced formation of MDA radical in leaves that are treated by glycolaldehyde also suggests the participation of electron transfer to O 2 in the MDA radical formation. AA-POX in chloroplasts may mainly involved in the formation of MDA radical using H 2 O 2 generated from O^ that is produced by the Mehler reaction in the absence of MV. In the presence of MV, not only AA-POXs in chloroplasts and in cytosol but also PhOH-POXs in vacuoles and in the apoplast, may contribute to the formation of MDA radical. The participation of PhOH-POX in vacuoles is deduced from the observation that MV induces light-dependent oxidation of 3,4-dihydroxyphenylalanine in vacuoles of V.faba leaves (Takahama and Oniki 1991) where AA is also present (Takahama 1992) and that AA reduces radicals of 3,4-dihydroxyphenylalanine (Takahama and Oniki 1991) .
In AT-treated leaves, the level of MDA radical increased on illumination. This result suggests that H 2 O 2 , which is formed by photorespiration, participates in the generation of MDA radical. Glycolaldehyde-dependent decrease in the level of MDA radical in sulfite-treated leaves suggests that, in addition to the electron transfer to O 2 , photorespiration also participates in the formation of MDA radical in sulfite-treated leaves. Since catalase activity is inhibited in AT-treated and in sulfite-treated leaves (Fig. 6 and Tanaka et al. 1982a ), H 2 O 2 formed by photorespiration may not be scavenged in peroxisomes. As the result, H 2 O 2 formed in peroxisomes will diffuse into the cytosol. AA-POX bound to the outer surface of peroxisomes (Yamaguchi et al. 1995 , Ishikawa et al. 1998 ) and cytosolic soluble AA-POX oxidize AA to the MDA radical. If H 2 O 2 diffuses into chloroplasts, AA-POX in chloroplasts also reduce the peroxide generating MDA radical. If diffusing into vacuoles and the apoplast, it may be used by PhOH-POX to oxidize phenolics. AA, which is present in vacuoles (Takahama 1992) and in the apoplast (Takahama and Oniki 1992) , is oxidized by the phenoxyl radicals generating the MDA radical.
The level of MDA radical in sulfite-treated leaves increased with the increase in concentration of sulfite up to about 10 mM (Fig. 2) . It decreased gradually when the sulfite concentration was increased over 10 mM. The increase may be due to sulfite-dependent stimulation of electron transfer to O 2 and inhibition of catalase activity, while the decrease in levels of MDA radical when the concentration of sulfite was higher than 10 mM may be due to sulfitedependent inhibition of PSII resulting in the decrease in the formation of H 2 O 2 and/or consumption of H 2 O 2 , which is generated on illumination, by sulfite.
In conclusion, we propose that sulfite taken up into leaves stimulates electron transfer reactions in chloroplasts to O 2 producing H 2 O 2 and inhibits catalase activity in peroxisomes. When H 2 O 2 is formed by photorespiration, the peroxide will diffuse from peroxisomes to all cellular compartments and the apoplast. If rates of the formation of H 2 O 2 in chloroplasts and the diffusion of H 2 O 2 into chloroplasts exceed the rates of its scavenging, NADP-glyceraldehyde-3-phosphate dehydrogenase, ribulose-5-phosphate kinase and fructose-1,6-bisphosphate phosphatase may be inhibited. This inhibition stimulates the Mehler reaction further producing H 2 O 2 . H 2 O 2 formed by photorespiration and the Mehler reaction may participate in the oxidation of AA to MDA radical that is directly catalyzed by AA-POX and indirectly catalyzed by PhOH-POX.
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